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I. Introduction  
This report summarizes work performed during the latter phases of 
this grant. Earlier works were reported in a previous comprehensive 
report and in a series of reports and publications listed in Appendix A. 
The major effort during the latter stages of this grant was directed 
to the development and complete theoretical and experimental characterization 
of a centrifugal particle classifier that would be effective well into the 
sub-micron size range. From a practical standpoint, particulates in this 
size range are very important physiologically. Such a device that would 
simultaneously collect and classify according to aerodynamic diameters is 
believed to represent an important advance in particulate technology. 
A preliminary study regarding the ballistic trajectories of fine par-
ticles and subsequent use of this principle in development of a particle 
size classifier was also initiated during the last year of this grant. The 
results of this study were not completed before termination of the grant. 
Initial results appeared promising, and it is hoped that this novel idea 
can be further explored in the future. 
The investigation of particle size classification based on the diffe-
rence of deposition angle on the rotor wall of a gas centrifuge under forced 
vortex conditions at atmospheric pressure has been reported in an earlier 
report of this grant; however, no studies at reduced pressures have been 
reported. 
With the method of this study, a centrifuge produces centrifugal force 
fields approximating those of a forced vortex in the classification chamber. 
The particles travel from near the center of rotation to the rotor wall. 
In the classification chamber, the particle motion is delayed by Coriolis' 
force acting opposite to the direction of rotation, causing a gradation of 
particle size on the rotor wall. At reduced pressure, the mean free path 
of the gas molecules is of the same order of magnitude as, or greater than, 
the particle size. In such a case, the effect of the slip factor in the 
'Cunningham correction' is large,and the fine particles in the subsieve and 
submicron ranges can be classified with good resolution. 
A comparison of experimental results with calculated results is presen-
ted for experiments at various pressures and using glass beads, zinc powder, 
plastic powders, and tungsten powder. 
Also, studies have been made which indicate excellent particle classi-
fication, even at large aerosol flow rates where the theoretical require-
ments for forced vortex conditions are not precisely met. 
II.  Experimental Apparatus and Procedure  
A schematic sketch of the centrifuge and associated equipment used to 
investigate particle size classification is shown in Fig. 1. As the centri-
fuge has a liquid seal on the shaft to make it air-tight, it can be used at 
reduced pressures. 
As shown in Fig. 2, the rotor is made of high-strength aluminum and 
the classification chamber is 21.4 cm inside diameter and 1.3 cm deep. Two 
webs are installed in the rotor to ensure forced vortex conditions. The 
particle inlets to the classification chamber are mounted on the rotor, 
and rotate at the same angular velocity. 
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Figure 1. Scheme of the Experimental Apparatus. 
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Figure 2. Centrifugal Classifier Capable of Operation 
at Reduced Pressure. 
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of 3254 or 10004 mesh on the bottom for dispersion. As shown in Fig. 3, 
this tube is placed inside a glass tube with a rubber seal to make it air 
tight. 
After the centrifuge attains the specified pressure and speed of rota-
tion, a 60Hz vibration is applied to the feeding device to make the particles 
disperse, pass through the capillary and enter the classification chamber. 
Hence at the particle inlets, the particles attain essentially the same 
angular velocity as the rotor. 
In the classification chamber, the particles move from near the center 
(r
o 
= 1.90) to the rotor wall (r = 8.9). During their trajectories, the 
particles are classified and deposit on the rotor wall in accordance with 
the particle size. The motion of the particles relative to the rotor is 
opposite to the rotation of rotor. The deposition angle, which is the 
difference between the angular displacement of the rotor and the particle 
on the rotor wall, that is (cp - 
6)1r=8.9, 
 increases with increasing particle 
size. 
Transparent, double-sided adhesive tapes were mounted on 12 mm trans-
parent plastic strips and placed on the rotor wall. In the case of sub-
micron particles, grids for the electron microscope were mounted on these 
strips. 
After centrifuging, the particle sizes and their respective angular 
locations were determined using an optical or electron microscope. 
Glass beads (p = 2.5g/cm 3 ), zinc powder (p = 7.0g/cm 3 ), plastic 
beads (p = 1.0g/cm 3 ) and tungsten powder (p = 19.2g/cm 3 ) were used as 
the test materials. Hollow particles in the glass beads were removed by 
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Figure 3. Feeding Device for Powder. 
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(2) 
III. Theoretical Considerations  
Particle motion in centrifugal fields is always changing with respect 
to both velocity and direction, that is, the motion is non-uniform and 
curvilinear. The equations of motion for a spherical particle in polar 
coordinates are given by the following expression: 
2 
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These equations contain the slip factor 'Cunningham correction' for 
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the increase in mean free path of gas molecule and the approximate 
equation for the drag coefficient of spherical particles. 
The simultaneous integro-differential equations (1) and (2) are non-
linear, so the analytical solution cannot be obtained. Thus, numerical 
techniques using a digital computer were employed to obtain the solutions 
of Eqs. (1) and (2). 
Let us now compare two alternative solutions. One is a numerical 
solution of the simultaneous second-order ordinary differential equations 
without the last integral terms of Eqs. (1) and (2) by the Runge-Kutta-
Merson method. The other is a numerical solution of the integro-differential 
equations by the methods given in Appendix B. 
Strictly speaking, the pressure distribution in the rotor should be 
considered, but this effect appears to be negligible. The pressure distri-
bution of gas at a constant speed of rotation may be expressed by 




For an ideal gas, the general relation between the density and the pressure 
is 
Pg  = P P go /po 
	 (9) 
Substitution of Eq. (9) into Eq. (8) and integration of Eq. (8) with 
respect to r gives 
2 2 p .r w 






using the boundary condition 
B.C. 	at r = 0, p = p o 	 (11) 
The calculated pressure distributions are shown in Fig. 4. The 
deviations of relative pressure pip between outer and inner parts of the 
rotor are only a few percent. 
IV. Experimental Results and Discussion  
Figs. 5, 6, and 7 show the comparison of the experimental results 
and theoretical solutions for glass beads at various pressures and rotor 
speeds of 3000, 6000, 9000 rpm. Figs. 8 and 9 present the results for 
zinc powder and glass spheres, respectively. 
The solid line represents the numerical solutions computed without 
the integral term in Eqs. (1) and (2), and the broken line represents 
the computed values of Eqs. (1) and (2). The solid and broken lines are 
computed at the following boundary conditions B.C. and initial conditions 
I.C., respectively. 
B.C. 	dt = w (const.), that is, the gas rotates at 
the same angular velocity as the rotor. 
I.C. at t = 0, r = r 
0 
6 = 0 
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Figure 5. Variation of Deposition Angle with Pressure for 
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Figure 6. Variation of Deposition Angle with Pressure for 
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Figure 7. Variation of Deposition Angle with Pressure for 
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Figure 8. Comparison of Experimental and Computed 
Results for Zn Powder. 
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Figure 9. Comparison of Theoretical Solutions with Experimental 

























The experimental results agree well with the computed values. 
Figures 10 and 11 show photomicrographs for several experimental runs. 
From the numerical calculation, the deposition angle calculated with 
the integral term included is slightly greater than the value obtained 
without the integral term and the effect of this term on the calculated 
value of the deposition angle is less than 10%. Furthermore, the effect 
decreases with decreasing pressure. Below 20 mmHg the deviation is less 
than 1%, so the effect of integral term may be considered to be negligible. 
If possible, the powder should be fed to the classifier in a well-
dispersed aerosol, but the initial radial velocity of the aerosol at the 
inlet ports reduces the deposition angle. This has been confirmed by 
both the experimental and theoretical results. Also, it is difficult to 
insure that the initial radial velocity of each particle is the same. 
Consequently, this non-uniform velocity may result in decreased classi-
fication efficiency. This problem should be given further attention in 
later studies. 
V. Conclusions  
Particle size classification in a gas centrifuge at reduced pressure 
has been investigated theoretically and experimentally, resulting in the 
following conclusions. 
1. Particles down to the submicron size range can be classified with good 
resolution, a gradation of particle size occurring on the rotor wall. 
2. The agreement between the experimental results and the numerical solu-
tions is shown to be excellent. 
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Figure 10. Photomicrographs of Aluminum Particles Collected at 
Specified Locations in the Centrifugal Classifier 
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Figure 11. Photomicrographs of Glass Particles Collected at 
Specified Locations in the Centrifugal Classifier 
Rotor. (Rotor Speed: 7200 rpm). 
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data for oil drops in air may be applied to various materials sus-
pended in air and at various pressures. 
4. The numerical solutions of the simultaneous integro-differential 
equations of a non-uniform curvilinear motion have been obtained. 
5. The effect of the integral term for fine particles suspended in air 
is not large. 
As a consequence of these results, the development of a new particle 
size analyser has resulted with many possible applications, particularly 
in the area of respiratory physiology. 
Respectfully submitted, 





= Cunningham correction factor 	 [ - ] 
C
D 
= drag coefficient 	 [ - ] 
D
p 
= particle diameter 	 [cm] 
gc 
= gravitational conversion factor 	 [(g/G)(cm/sec2 )] 
N 	= revolution per minute 	 [rpm] 
P 	= pressure 	 [mmHg] 
p 	= pressure 	 [G/cm2 ] 
r 	= radius of gyration 	 [cm] 
Re = Reynolds number = (D pup g/11) 	 [ - ] 
t 	= time 	 [sec] 
u 	= relative velocity between particle and 
fluid in general 	 [cm/sec] 
v 	= relative velocity between particle and fluid 
defined by Eq. (3) 	 [cm/sec] 
x 	= integral variable 	 [sec] 
0 	= angular displacement of particle 	 [rad] 
A
m 
= mean free path of gas molecule 	 [cm] 
P
g 
 = density of gas 	 [g/cm 3 ] 
P
P 
 = density of particle 	 [g/cm 3 ] 
(4) 	= angular displacement of gas 	 [rad] 
w 	= angular velocity of rotor 	 [rad/sec] 
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APPENDIX B 
The calculation of the integral term is carried out using the relative 
velocity between the particle and the fluid, u, to simplify the notation. 
The first stage of average acceleration is defined by 
du 	 du 	du 
(T)
lm,1 
i{(ai) 0 (ild 1,1 } t  (la) 
in which (du/dt). . denotes j-th approximation of i-th step and the sub- 
1 3 
script m denotes the mean value. The first approximation of the integral 




 dx  dx = 2(ALI) 
dt im,1 
0 
Substituting Eq. (2a) in Eqs. (1) and (2), the second approximation 
(du/dt) 1,2 can be calculated. Then from Eq. (la), (du/dt) 111,2 may be 
evaluated. If the n-th approximation is nearly equal to the (n-1)-th 
approximation 
(du/dt) i,n - (du/dt) 1,n-1 = tolerance limit 	(3a) 
Then defining the final approximation of the first step 
(du/dt) 1 = (du/dt) i,n 	 (4a) 




Thus from Eq. (2a), the value of the integral term at the end of 
the first increment of time can be evaluated. Similarly, (du/dt) im and 
the integral term can be calculated. For the purpose of calculation, 
the time is divided into k steps (it is not necessary that each step is 
an equal interval) and the integral term is computed as follows: 
du 
)1  dx  	 dx = 22 (du/dt) 	{ ✓t-x
i-1 
- ✓t-x1 im 
Applying this method to the radial and angular directions, the numeri-
cal integration of Eqs. (1) and (2) by the RKM method gives the required 
results. 
(5a) 
0 
✓t-x i=1 
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